After left ventricular assist device (LVAD) support in patients with end-stage cardiomyopathy, cardiomyocytes decrease in size. We hypothesized that during this process, known as reverse remodeling, the basement membrane (BM), which is closely connected to, and forms the interface between the cardiomyocytes and the extracellular matrix, will be severely affected. Therefore, the changes in the myocardial BM in patients with end-stage heart failure before and after LVAD support were studied. The role of MMP-2 in this process was also investigated. Transmission electron microscopy showed that the BM thickness decreased post-LVAD compared to pre-LVAD. Immunohistochemistry indicated a reduced immunoreactivity for type IV collagen in the BM after LVAD support. Quantitative PCR showed a similar mRNA expression for type IV collagen pre-and post-LVAD. MMP-2 mRNA almost doubled post-LVAD (Po0.01). In addition, active MMP-2 protein as identified by gelatin zymography and confirmed by Western blot analysis was detected after LVAD support and in controls, but not before LVAD support. Active MMP was localized in the BM of the cardiomyocyte, as detected by type IV collagen in situ zymography. Furthermore, in situ hybridization/immunohistochemical double staining showed that MMP-2 mRNA was expressed in cardiomyocytes, macrophages, T-cells and endothelial cells. Taken together, these findings show reduced type IV collagen content in the BM of cardiomyocytes after LVAD support. This reduction is at least in part the result of increased MMP-2 activity and not due to reduced synthesis of type IV collagen. Left ventricular assist devices (LVADs) are commonly used in patients with heart failure as a bridge to heart transplantation (HTx). In most cases, LVAD support extends the patient's lifespan and improves the quality of life.
Left ventricular assist devices (LVADs) are commonly used in patients with heart failure as a bridge to heart transplantation (HTx). In most cases, LVAD support extends the patient's lifespan and improves the quality of life. 1, 2 In addition, pressure and volume unloading of the left ventricle (LV) by LVAD can reverse left ventricular dilatation and leads to regression of left ventricular hypertrophy and neurohormonal changes. [3] [4] [5] [6] The understanding of this process, referred to as 'reverse remodeling, ' 7 is important for a better insight into both myocardial events during LVAD support and the processes leading to heart failure. Additionally, several institutions described the possibility of LVAD explantation without the need for HTx (weaning). 4, [8] [9] [10] [11] This requires a profound knowledge of the process of reverse remodeling.
In previous studies with cardiac unloading, we demonstrated partial recovery of the contractile myofilaments in the cardiomyocytes 12 and decreased natriuretic peptide levels both in the plasma of the patients and in the heart. 5, 6 Since reverse remodeling not only involves the cardiomyocytes but also the extracellular matrix (ECM), we have focused on the changes in ECM before and after LVAD support. The ECM, which consists of the fibrillar collagens, type I and III collagen, and comprises a basement membrane (BM) surrounding cardiomyocytes, forms a continuum between different cell types within the myocardium and provides a structural supporting network to maintain myocardial geometry. 13, 14 We have shown that reverse remodeling of type I and III collagen in the ECM follows a biphasic pattern. 15 Initially, an increase of type I and III collagen turnover took place, which was paralleled by a volume increase of the ECM. Subsequently, this turnover reduced and the ECM volume decreased, together with a restoration of the collagen network. Type IV collagen, which is one of the components of the BM, 14 differs from the interstitial collagens by the presence of globular domains interspersed within the triplehelical segments. 16 This unique feature gives type IV collagen the flexibility to assemble into a sheet like network. Therefore, type IV collagen in the BM links the sarcolemma of individual myocytes to the surrounding ECM and interstitial cells 17 and is important in the transmission of force during diastole and systole. The function of laminin, another component of the BM, includes the mediation of adhesion, migration, growth and differentiation of cells. [18] [19] [20] Degradation of the BM proteins occurs under a variety of physiological and pathological circumstances including embryogenesis, 21 wound healing 22 and metastasis 23 by MMPs. It is known that MMP-2 is able to degrade type IV collagen and is upregulated during heart failure. 14, 24, 25 Because we have shown changes in cardiomyocyte size and ECM volume after unloading of the LV by LVAD support 12, 15 and given the close connection between type IV collagen and the cardiomyocyte, we hypothesized that the BM surrounding the cardiomyocyte must be reshaped when the cardiomyocytes become smaller by unloading of the heart by an LVAD. If so, MMP-2 (collagenase IV) can play a major role in this process of remodeling. Therefore, in heart biopsies taken before and after LVAD support, the BM was studied with transmission electron microscopy (TEM), type IV collagen mRNA expression by quantitative RT-PCR (Q-PCR), and the presence of type IV collagen protein by immunohistochemistry (IHC). MMP-2 was studied by Q-PCR, in situ hybridization (ISH), IHC, Western blotting (WB), gel zymography and in situ zymography (ISZ) (localization and identification of active enzymes).
MATERIALS AND METHODS Patients
In this study, 25 patients with refractory end-stage heart failure were included. Characteristics of these patients are summarized in Table 1 . All patients were treated with an LVAD (Heart-mate, Thoratec, Pleasanton, CA, USA) as a bridge to transplantation. Twenty-three of these patients were successfully transplanted. Two patients died before HTx; one as a result of recurrent cerebral embolism, the other due to chronic ischemic enteritis. All patients were in NYHA class IV at the time of LVAD implantation and in NYHA class I while on LVAD support. Informed consent to participate in this study was obtained from all patients. The myocardial biopsy at time of LVAD implantation consisted of the LV apical core removed during implantation. These biopsies (pre-LVAD) were compared with LV tissue specimens of the explanted hearts after HTx (post-LVAD) from the apical half of the LV, outside the suture area of the inflow cannula. In patients with IHD, care was taken to use myocardium away from the infarct zone, the 'unaffected' myocardium. In the two patients who died before transplantation, corresponding tissue specimens of the heart at autopsy were used. All biopsies were directly fixed in buffered formalin and embedded in paraffin. In addition, in 11 cases (pre-and post-LVAD) biopsies were frozen in liquid nitrogen after implanting the LVAD or after HTx, and in 10 cases (pre-and post-LVAD) biopsies were fixed in Karnovsky's fixative for TEM analysis. Control tissue was taken from the LV of nonused donor hearts (n ¼ 6). From three of these hearts also samples were available for TEM evaluation.
Transmission Electron Microscopy
Heart tissue and biopsies of the LV were fixed in Karnovsky's fixative, followed by 4% OsO 4 . After dehydration in alcohol, they were embedded in epon, following routine procedures.
Material was selected (unaware of the patient's background details) for longitudinal fiber localization in semithin sections, stained with toluidine blue and viewed by a light microscope. Ultrathin sections were stained with 5% uranyl acetate and 2.5% lead citrate, randomly analyzed and photographically recorded under a TEM (Jeol 1200 EX-2). Measurement of the thickness of the BM was performed with Image J 1.25 (NIH, USA). Of all 10 patients and 3 control hearts, the BM of 10 cardiomyocytes was measured. Of each cardiomyocyte, the median of 12 measurements was taken and the mean of all 10 cardiomyocytes from one patient/ control was calculated.
TEM photographs (at least 17 for each patient) showing both collagen fibers and sarcolemma with a BM were analyzed. The number of photographs showing collagen but no contact with the BM and the photographs showing single contacts with the BM or showing bundles connected to the BM were counted and expressed as the % of all pictures.
For all analyses, the observer was blinded to the study group (pre-or post-LVAD or control) she studied.
MMP Macro-Array and Q-PCR for Different MMP
To characterize the gene expression profile of 23 different MMP in one RNA sample, RNA was isolated from frozen tissue sections using TRIzolt Reagent (GibcoBRL, Rockville, MD, USA). Isolated RNA was directly used in the MMP GeArray kit (SuperArray, Frederick, MD, USA) following the GeArray User Manual. Differences in MMP and TIMP expression before and after LVAD support were calculated using the software included in the GeArray kit.
To confirm the MMP mRNA expression on the MMP GeArray, RNA was isolated from frozen myocardial tissue sections using TRIzol Reagent for Q-PCR. Three micrograms of RNA was used for cDNA synthesis using oligo-dT and random primers. Five microliters of a 1:30 dilution of the cDNA was used in the Assay-on-Demand kit for MMP-1, -2, -8, -9, -13, -14, -15, -20, -25, -26 and TIMP-1, -2, -3, -4 (Applied Biosystems, Foster City, CA, USA) for Q-PCR (Taqman P7700, Applied Biosystems). Porphobilinogen deaminase (PBGD) and 18S were chosen as references. Total volume was 25 ml. The following thermo cycle profile was used for the MMP, PBGD and 18S (housekeeping genes): 951C for 10 min followed by 45 cycles of 951C for 15 s and 601C for 1 min. Each sample was run in duplicate. The following formula was used to quantify the amount of mRNA in our samples: relative quantity ¼ 2
ÀDDCt
, DDC t ¼ DC t (sample)ÀDC t (calibrator) and DC t ¼ C t (target)ÀC t (reference). The calibrator sample was cDNA from human placenta tissue, which was run with each experiment; therefore, it was possible to make an inter-run comparison.
Q-PCR for Type IV Collagen a1-a6
To determine the mRNA expression of the different a-chains of type IV collagen in heart tissue, RNA was isolated from frozen tissue sections using TRIzol Reagent (GibcoBRL). Three micrograms of RNA was used for cDNA synthesis using oligo-dT and random primers. Five microliters of a 1:30 dilution of the cDNA was used in the Assay-on-Demand kits for all six a-chains of type IV collagen (Applied Biosystems) in a Q-PCR assay (Taqman P7700, Applied Biosystems). PBGD was used as reference gene.
MMP-2 RNA ISH and ISH/IHC Double Staining
To identify cell types expressing MMP-2 mRNA, RNA ISH and RNA ISH/IHC double staining was performed as described by van Hoffen et al. 26 MMP-2 and IL-2 were amplified using specific primers (MMP-2 forward: 5 0 -ATTCCGCTTCCAGGGCACATC-3 0 and MMP-2 reverse: 5 0 -GTTAAAGGCGGCACCACTCG-3 0 ). The PCR products were labeled with digoxigenin, as described previously. The specificity of the probes for ISH was confirmed with tonsil as positive control. Specificity of the ISH for MMP-2 was further controlled by using a probe of similar composition and labeling directed against interleukin-2 (IL-2). 26 Negative controls were obtained by overnight RNAse pretreatment of sections of heart tissue at 371C (RNAse A 100 mg/ml, RNAse T1 100 U/ml, Boehringer-Mannheim GmbH), and by omission of the probe from the hybridization mixture. For ISH/ IHC, double staining procedure was performed as described 
IHC of Type IV Collagen, Laminin and MMP-2
To localize type IV collagen, laminin and MMP-2 protein expression, a two-step immunohistochemical analysis was performed 12,27 on paraffin-embedded sections. Pepsin was used as antigen retrieval. Primary antibodies used were as follows: type IV collagen (polyclonal, 1:100; Novocastra Laboratories Ltd, Newcastle upon Tyne, UK), laminin (polyclonal, 1:200; Neomarkers, Fremont, USA) and MMP-2 (monoclonal, 1:20; Neomarkers). For type IV collagen, a second polyclonal antibody 28 was used as second opinion. Subsequently, the slides were incubated with rabbit powervision (Klinipath, Duiven, The Netherlands). The specificity of the IHC was confirmed by positive and negative controls. Placenta was used as positive control. Omission of the primary antibody and replacement of the primary antibody by isotype-matched irrelevant antibodies served as negative controls.
Western Blotting MMP-2
Immunoblotting for MMP-2 was performed on proteins isolated from myocardial biopsies before and after LVAD support. Equal amounts of protein were separated on a 12% bis-Tris polyacrylamide gel (Bio-Rad Laboratories, Veenendaal, The Netherlands) and transferred to nitrocellulose membrane. WB analysis was performed with a rabbit polyclonal anti-MMP-2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) antibody (1:500) in TTBS containing 1% BSA. After incubation with horseradish peroxidase-conjugated secondary antibody, the blot was developed using Amersham ECL system (Amersham Pharmacia Biotech Europe GmbH). a-Actin was used as loading control. The intensity of the bands was quantified with the computer program TotallabV 2003.03 (Nonlinear Dynamics, Newcastle upon Tyne, UK).
Gelatin Zymography
Cardiac tissue was homogenized in 1 Â sample buffer containing 0.5% Triton X-100 (Sigma, Zwijndrecht, The Netherlands), 0.5 U/ml aprotinin (Sigma) and 0.01% sodium azide in PBS. The samples were centrifuged and the supernatants were collected and stored at À201C until use. MMP enzyme expression was assayed by SDS-PAGE zymography using gelatin as substrate. Equal volumes of samples were subjected to electrophoresis, without boiling or reduction, through an 8% polyacrylamide gel copolymerized with gelatin (2 mg/ml). After electrophoresis was completed, the gels were washed twice in 2.5% Triton X-100, rinsed in aquadest and incubated overnight in Brij 35 solution (50 mM Tris-HCl pH 7.4, 10 mM CACl 2 and 0.05% Brij-35). Finally, the gels were stained using Coomassie Blue (Sigma). Proteolytic bands were visualized by destaining the gels with 25% MeOH and 15% acetic acid in MiliQ and quantified with the computer program TotallabV 2003.03.
Type IV Collagen ISZ
To demonstrate active MMP-2 in frozen heart tissue sections, ISZ was performed according to Rouet-Benzineb et al. 29 Lysis of the substrate at the side of active MMP resulted in fluorescence, assessed by fluorescent microscopy or confocal laser scan microscopy. To test whether fluorescence was specific, some slides were preincubated with an MMP inhibitor (phenanthroline monohydrate (20 mg/ml; Sigma) in Tris-HCl) and incubated with the substrate in combination with the inhibitor. All slides were examined by two investigators in a random blinded manner. The fluorescence was graded as follows: 0 ¼ negative; 1 ¼ weakly positive; 2 ¼ positive; 3 ¼ strongly positive; 4 ¼ very strongly positive. Values for each slide were obtained by taking the mean of all scored areas.
Statistical Analysis
Grading of the ISZ, Q-PCR data and BM measurements were compared using the paired Wilcoxon signed-rank test or the Mann-Whitney test. Inter-and intraobserver variability was tested using kappa analysis. All data were calculated with the statistical package of Prism 3.02. A P-value o0.05 was considered significant.
RESULTS
Since staining for type IV collagen, laminin and MMP showed no significant differences between patients with DCM and patients with IHD (excluding the infarcted areas), both patient groups are considered as one.
Given the difference in localization of the pre-LVAD myocardial biopsies (apex) and the post-LVAD biopsies (apical half of the LV), we examined whether regional differences were present in the heart by analyzing longitudinal sections (7 biopsies of LV, 4 of RV and 4 of septum) of several hearts. Using IHC (4 hearts) and ISZ (2 hearts), we did not observe grading differences between the various cardiac areas. The inter-and intraobserver kappa values for ISZ were 0.58 and 0.60, respectively, and for TEM 0.77 and 0.77, indicating fair agreement.
Transmission Electron Microscopy LV biopsies of the apex (pre-LVAD) and LV wall (post-LVAD) were used for TEM (n ¼ 10 patients). In biopsies taken pre-LVAD support, the BM of the cardiomyocytes was irregular in size and in most cases dispersed; the lamina lucida and lamina densa were difficult to discriminate. In biopsies taken after LVAD support, a clear lamina lucida and lamina densa of the BM was observed (Figure 1b and d) . Two types of connections of the collagen fibers to the BM were discriminated: contacts of single collagen fibers or bundles of collagen fibers. In the biopsies taken before LVAD support, both single contacts as well as bundles of collagen fibers connecting the BM were observed (Figure 1a, c and g ). In contrast to the pre-LVAD biopsies, the connections of collagen bundles to the BM and the total number of contacts were significantly decreased after LVAD (Po0.05; Figure 1b, d and g). In normal hearts, the BM showed the same irregular structure as the pre-LVAD BM. Also the collagen-BM contacts are similar between normal hearts and before LVAD (Figure 1e and f) . The thickness of the BM decreased from 0.09 ± 0.02 mm pre-LVAD to 0.07 ± 0.02 mm (P ¼ 0.04) post-LVAD support. The thickness of the BM in the healthy control group was 0.08 ± 0.0006 mm (Figure 1g ).
MMP Macro-Array and Q-PCR
The MMP macro-array data showed that multiple MMP and TIMP were expressed in heart tissue (n ¼ 11; Figure 2a and b) pre-and post-LVAD support. Moreover, some MMP displayed an altered expression after LVAD support: MMP-2 was significantly increased (P ¼ 0.04) after LVAD support; however, MMP-24 decreased significantly (Po0.01) after LVAD support.
Most of the array data were confirmed by Q-PCR. MMP-2 significantly increased both in the macro-array and by Q-PCR (Po0.01; Figure 2c ). However, MMP-24 did not change after LVAD support as shown with Q-PCR (P ¼ 0.3). Furthermore, some MMPs, which were present in the macroarray, were almost not detectable in Q-PCR (MMP-13, MMP-20, MMP-26). The reason for the discrepancies was not clear. We considered the Q-PCR data more specific, as most MMPs detected by the array were just above the detection limit and some cross reactivity could not be excluded of the arrays.
Type IV Collagen a1-a6 mRNA Expression in the Heart Q-PCR for type IV collagen a1-a6 was performed using mRNA as templates from frozen heart biopsies, from patients with end-stage heart failure pre-and post-LVAD (n ¼ 11) and biopsies from control hearts (n ¼ 6; Table 2 ). For all a1-a6 chains of type IV collagen, mRNA was present in the heart. There was no significant difference between expression levels of the six a-chains before and after LVAD support. However, although not statistically significant, mRNA of the major collagen a3 and a4 chains tended to increase after LVAD support. Compared to the control group, after LVAD the mRNA expression of the a3 chain was two times higher (P ¼ 0.02), the expression of the a4 chain was significantly decreased, both in the pre-and post-LVAD support groups, and the expression of the minor a6 chain was also decreased before LVAD compared to the control group (Po0.01; Table 2 ).
Type IV Collagen and Laminin Protein Expression before and after LVAD Support Formalin-fixed biopsies from 25 patients before and after LVAD support were immunohistochemically stained for type IV collagen and laminin, both principal components of the BM.
Type IV collagen, IHC Using two different antibodies, in all biopsies taken before LVAD support (Figure 3a) type IV collagen was abundantly present in the BM surrounding the cardiomyocyte and underneath the endothelial layer of blood vessels. All the biopsies taken after LVAD support showed a strong reduction or complete disappearance of staining of the BM surrounding the cardiomyocytes, for both type IV collagen antibodies tested, while the BM of the blood vessels remained positive for type IV collagen (Figure 3b ).
Laminin
Immunoreactivity of laminin was strongly present in the BM surrounding the cardiomyocytes in all biopsies taken before and after LVAD support. After LVAD support, this immunoreactivity did not change significantly (Figure 3c and d).
MMP-2 mRNA and Protein Expression in the Heart during LVAD Support
Quantitative PCR MMP-2 mRNA expression was almost doubled post-LVAD compared to pre-LVAD (P ¼ 0.01, n ¼ 11) as shown by Q-PCR. Furthermore, the MMP-2 mRNA expression showed three and six times higher levels compared to the control group (Po0.01 and 0.001, respectively), in pre-and post-LVAD, respectively ( Table 2 ).
In situ hybridization With MMP-2 mRNA ISH (n ¼ 11), a weak staining in the sarcoplasma of the cardiomyocytes was observed. In the ECM, the infiltrating cells and the endothelial cells in the blood vessels showed a positive staining for MMP-2 mRNA (Figure 4a) , the other ECM components were negative.
To show MMP specificity, an IL-2 probe was used. As shown in Figure 4b , this probe stained a few lymphocytes present in the heart and not cardiomyocytes and endothelium as the MMP-2 probe did. Omitting the MMP-2 probe in the procedure, or RNAse treatment of the slides resulted in absence of positive staining.
ISH/IHC double staining was performed using monoclonal antibodies for CD3 (T cells), CD68 (macrophages) and factor 8 (endothelium), in combination with an MMP-2-labeled probe.
MMP-2/CD68: There was a considerable amount of macrophages present in the myocardium, and almost all of these macrophages showed mRNA expression for MMP-2 ( Figure 4c ).
MMP-2/CD3: In the myocardium, only few T cells were present both pre-and post-LVAD, and about half of these T cells were positive for MMP-2 mRNA (Figure 4d ).
MMP-2/factor 8: MMP-2 mRNA was abundantly present in factor 8-positive endothelial cells in the myocardial capillaries and blood vessels (Figure 4e ). With both techniques (ISH and ISH/IHC double staining), no significant differences in MMP-2 expression and localization were observed between LV biopsies before and after LVAD support (data not shown).
Immunohistochemistry
Cardiomyocytes pre-and post-LVAD support expressed sarcoplasmic staining for MMP-2 by IHC (n ¼ 25; Figure 4f ). The cardiomyocytes located in the trabecula and near the epicardium and endocardium stained stronger than the cardiomyocytes localized in the center of the biopsy. In the ECM, some fibrotic areas, fibroblasts, capillaries and infiltrating cells stained positive. In some cases, the endothelial cells in the blood vessels and the coronary arteries were positive.
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Increased MMP-2 Activity after LVAD Support
To quantify the MMP-2 protein expression in the heart, proteins isolated from heart tissue of 11 patients pre-and post-LVAD and 4 healthy controls were analyzed by WB. Total MMP-2 did not change pre-vs post-LVAD. However, the active form of MMP-2 (represented by the 62 kDa band) was significantly lower pre-LVAD compared to post-LVAD and the healthy control (P ¼ 0.04 and 0.01, respectively; Figure 5a ). After LVAD, the MMP-2 levels returned to normal. The inactive form (as represented by the 72 kDa band) did not change significantly.
Gelatin zymography was performed on extracts from frozen heart biopsies (n ¼ 11). One band was detected in all pre-LVAD samples and two bands were detected post-LVAD (Figure 5b ). In the pre-LVAD sample, the 72 kDa band was generated by inactive MMP-2. After LVAD, beside the inactive band an additional band, generated by active MMP-2 (62 kDa) was present. Quantification of the 72 and 62 kDa bands showed a significant increase of both the inactive and the active form of MMP-2 post-LVAD (Po0.001) compared to pre-LVAD. In normal heart tissue, active MMP was also present as shown by the 62 kDa band. However, active MMP-2 was significantly higher after LVAD than in the healthy control (Po0.01).
Active MMP is Localized in the BM Active MMP was localized using type IV collagen ISZ in frozen tissue sections from 11 patient's pre-and post-LVAD implantation. Type IV collagen ISZ showed in both pre-and post-LVAD samples a collagenolytic activity, localized in or near the BM, surrounding the cardiomyocyte and in the sarcoplasm of the cardiomyocyte (Figure 6 ). The ECM showed no or only weak MMP activity. Semiquantitative grading of collagenolytic activity using a 0-4 grading scale did not show significant differences in membrane bound (2.5 ± 0.8 vs 2.3 ± 0.5, NS) and sarcoplasmic (1.8 ± 0.6 and 2.0 ± 0.4, NS) activity in pre-vs post-LVAD sample, respectively. However, ISZ is not a quantitative method, and mainly shows the localization of active MMP. After incubation of the tissue sections with an MMP inhibitor, no fluorescent signal was observed (data not shown), indicating that the collagenolytic signal was MMP specific.
DISCUSSION
Left ventricular force production is dependent on the coupling of myocytes to the ECM, which is mediated through the BM. We hypothesized that in patients with end-stage heart failure reverse remodeling during unloading of the LV by an LVAD, consisting among others of reversal of cardiomyocyte hypertrophy, would be associated with remodeling of the BM. The present study indeed demonstrates post-LVAD support structural alterations in the BM surrounding the cardiomyocytes, which was illustrated best by the decreased immunoreactivity for type IV collagen. Type IV collagen mRNA did not alter during LVAD support, indicating that the decreased collagen was not due to a decreased synthesis. However, we detected increased MMP-2 mRNA and MMP-2 protein levels and MMP-2 activity as assessed by the presence of a 62 kDa band of active MMP in gel zymography and WB after LVAD support, suggesting an increased degradation of type IV collagen. Type IV collagen ISZ indicated that the active MMP was located within the BM of the cardiomyocyte.
The novel finding in this respect is that after LVAD support most parameters return to a more 'normal' situation. However, the BM clearly shows an exception to this rule.
The use of LVADs in end-stage heart failure has increased over the last two decades, since these devices became generally available. 30 The majority of the LVADs have been used as a bridge to transplantation; however, in some cases successful explantation of the LVAD was reported. 4, [8] [9] [10] [11] Unloading of the heart by an LVAD leads to reversal of LV dilatation and to regression of LV myocyte hypertrophy. 1, 3, 12, 31 The mechanisms of this reverse remodeling process are still largely unknown; therefore, the analysis of changes in the heart pre-and post-LVAD is important. The ECM, which consists of fibrillar collagens (type I and type III collagens) and a BM, forms a continuum between different cell types within the myocardium and provides a structural supporting network to maintain myocardial geometry. 
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Several groups have studied the changes of the fibrillar collagens in the ECM in heart failure [32] [33] [34] and ECM after LVAD support. [35] [36] [37] In a previous study of our group, 15 we have shown that reverse remodeling of type I and III collagen in the ECM follows a biphasic pattern. Initially, an increase of type I and III collagen turnover takes place, which is paralleled by an increase of the ECM volume. Subsequently, after a longer period of LVAD therapy this turnover reduces and the ECM volume decreases, together with a restoration of the collagen network. We hypothesized that the BM and, therefore, type IV collagen and laminin must be remodeled during LVAD support because of the decreased cardiomyocyte size after LVAD support. This decrease in size was not biphasic, but reached its end point within the first 100 days on LVAD support. 15 Indeed, LVAD support changed the morphology of the BM as assessed by TEM. The pre-LVAD biopsies from hearts with end-stage heart failure showed a thickened and irregular BM along the cardiomyocyte, and there were close connections between the collagen fibers in the ECM and the BM. Normal heart tissue showed a similar morphology. After LVAD, the BM became more regular and the lamina lucida and lamina densa were compacter and could be clearly discerned. However, a disturbed connection between the BM and the collagen fibers in the ECM was observed. Although the exact consequences of these structural alterations are not known, it seems that connections between the collagen fibers and BM benefit or are more easily formed when the BM has a more irregular and thick structure. Interestingly, in contrast to most parameters showing normalization after LVAD support, the BM in normal hearts compares better with the pre-LVAD than the post-LVAD situation. These post-LVAD alterations may contribute to the reduced force generation of the heart. The differences in this association between the BM and collagen fibers may be due to alterations of the BM but may also be caused by the changes in the ECM. 15, 36, 37 With IHC, we showed a significant reduction of type IV collagen immunoreactivity in the BM after LVAD support. However, laminin was still present in the BM after unloading of the heart. This suggested that although the BM still surrounds the cardiomyocytes, its structure is severely disorganized. With Q-PCR, type IV collagen a1-a6 mRNA expression showed no significant difference before and after LVAD support. Compared to the control group type IV collagen a4 mRNA both pre-and post-LVAD was significantly reduced. Furthermore, compared to the control group a significant increase of the a3 chain and a significant decrease of the a6 chain were observed. So, in heart failure and after LVAD support the composition of the BM may be slightly different from the normal BM. However, our data indicated that the type IV collagen reduction after LVAD support is not due to a completely reduced synthesis of type IV collagen and must at least in part be the result of an increased degradation by MMP activity. To find out whether MMPs were involved, we investigated 23 different MMP and TIMP in heart biopsies from eight patients before and after LVAD support with an MMP macro-array and confirmed these measurements with Q-PCR. From these array studies, only MMP-2 showed a significant increased (Po0.01) expression after LVAD support. Others have found also other MMPs to be involved in the process of reverse remodeling, that is, MMP-9, 36 but these could not be confirmed in this study. It is known that MMP-2 is able to degrade type IV collagen, but not laminin, in the BM. 33, 34, 38 Falk et al 33 has demonstrated a correlation between the upregulation of MMP-2 and the degradation of the BM. So, MMP-2 is able to degrade type IV collagen and therefore can play a major role in remodeling of the BM. The role of MMP-2 before and after LVAD support was therefore studied in more detail. First the MMP production sites were investigated. With MMP-2 ISH/ IHC, we showed that CD3 þ cells, macrophages and the Basement membrane degradation after LVAD AH Bruggink et al endothelium of blood vessels stained positive for MMP-2 mRNA. IHC studies also indicated that MMP-2 protein was located in the sarcoplasm of the cardiomyocytes, infiltrating cells and the endothelium of blood vessels. This indicated that MMP-2 can be produced in the heart by various cell types. MMP-2 WB showed a low level of active MMP-2 protein pre-LVAD compared to the healthy control. After LVAD support, the level of active MMP returns to normal. Gel zymography showed some MMP-2 activity in normal hearts. However, after LVAD support MMP activity was significantly increased compared to pre-LVAD. So, both WB and gel zymography showed an increase in active MMP. This change in active MMP is confirmed by others in heart failure 39, 40 and during LVAD support 36 by gel zymography. WB and gel zymography differed in the detected amount of inactive MMP. This may be explained by the difference in sensitivity of the methods, as described by Masure et al 41 and Descamps et al. 42 In normal hearts, active MMP was present and it is suggested that this is necessary for a normal collagen turnover in the heart. However, the detected increased levels of active MMP post-LVAD can lead to alterations in the BM membrane. Type IV collagen ISZ showed that this active MMP was present in the BM of the cardiomyocyte before and after LVAD support. Combining the gel zymography and ISZ data, it is likely that the active MMP-2 is at least in part responsible for the degradation of the BM during LVAD support, although we cannot exclude that other enzymes are involved in the BM breakdown as well.
Although there was a wide variation in the duration of LVAD support (35-557 days), no differences in the reduction of type IV collagen immunoreactivity and MMP-2 localization or activity have been detected between patients supported for a short period or for a long period of time. This suggests that the type IV collagen breakdown in the BM by MMP occurs in the first period after LVAD support and the heart is not able to restore the BM properly. These findings support our previous results, which indicated that the decrease in size of the cardiomyocytes occurred within the first 100 days after LVAD implantation. 15 In conclusion, LVAD support leads to reverse remodeling, including the decrease of cardiomyocyte size. Although the BM becomes more regular after LVAD support, as seen by TEM, type IV collagen is not or only weakly detectable in the BM, probably due to increased MMP-2 activity. Furthermore, disturbed connections between the BM and the collagen fibers in the ECM were observed by TEM after LVAD support. The disturbed linkage between the BM and the collagen fibers in the ECM may lead to impaired force transmission. This could be one of the reasons why weaning of the LVAD in patients with severe heart failure is only possible in a minority of patients. It may be speculated that restructuring of the BM requires the stimulus of cardiac reloading. 
